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Abstract 16 
Stratabound massive sulfide deposits are widespread along the Middle-Lower Yangtze 17 
Metallogenic Belt (MLYMB) and serve as an important copper producer in China. Two 18 
contrasting genetic models have been proposed, interpreting the stratabound massive sulfide 19 
deposits as a Carboniferous SEDEX protore overprinted by Cretaceous magmatic-hydrothermal 20 
system or an Early Cretaceous carbonate replacement deposit. These two contrasting models 21 
have been applied to the Xinqiao stratabound Cu-Au sulfide deposit, which is dominated by 22 
massive sulfide ores hosted in marine carbonates of the Carboniferous Chuanshan and 23 
Huanglong Formations, with minor Cu-Au skarn ores localized in the contact zone between the  24 
Cretaceous diorite Jitou stock and the Carboniferous carbonate rocks. New SIMS zircon U-Pb 25 
dating suggests that the Jitou stock formed at 138.5 ± 1.1 Ma (2σ, MSWD = 0.6), whereas an 26 
unaltered diorite porphyry dike in the mine was emplaced at 130.6 ± 1.1 Ma (2σ, MSWD = 0.1). 27 
Pyrite Re-Os dating yields an imprecise date of 142 ± 47 Ma (2σ, MSWD = 7.8). The 28 
geochronological data thus constrain the mineralization of the Xinqiao deposit as early 29 
Cretaceous. 30 
Fluid inclusions in prograde skarn diopside have homogenization temperatures of 450-600 31 
oC and calculated salinities of 13-58 wt. % NaCl equiv. Quartz from the stratabound ores and 32 
pyrite-quartz vein networks beneath the stratabound ores have homogenization temperatures of 33 
290-360 and 200-300 oC, with calculated salinities of 5-12 and 2-10 wt. % NaCl equiv., 34 
respectively. Quartz from the skarn ores and veins beneath the stratabound ores have δ18O values 35 
of 12.32 ± 0.55 (2 SD, n = 22) and 15.57 ± 1.92 ‰ (2 SD, n = 60), respectively, corresponding to 36 
calculated δ18Ovalues of 6.22 ± 1.59 (2σ) and 6.81 ± 2.76 ‰ (2σ) for the equilibrated ore-37 
forming fluids. The fluid inclusion and oxygen isotope data thus support a magmatic-38 
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hydrothermal origin rather than a SEDEX system for the stratabound ores, with the hydrothermal 39 
fluids most likely being derived from the Jitou stock or associated concealed intrusion. Results 40 
from this study have broad implications for the genesis and exploration of other stratabound 41 
massive sulfide deposits along the MLYMB. 42 
 43 
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Introduction 47 
Stratabound massive sulfide deposits have been well documented in Mexico (Meinert 1982) 48 
and north-central Chile (Sato 1984), which have been commonly considered as carbonate 49 
replacement deposits (CRD). Equivalents of this type of deposits are widespread along the 50 
Middle-Lower Yangtze Metallogenic Belt (MLYMB), having been important copper producers 51 
in China during the last three decades (e.g.,(Pan and Dong 1999; Mao et al. 2011)and references 52 
therein). These deposits are predominantly hosted in Carboniferous carbonates, but show a close 53 
spatial association with Cretaceous granitoid intrusions that are genetically related to porphyry-54 
skarn ores (Mao et al. 2011)and references therein). Despite many years of research, 55 
considerable debate remains on the genesis of these deposits (Guo et al. 2011; Mao et al. 2011; 56 
Xie et al. 2014; Xiao et al. 2016). Several studies advocate that the stratabound massive sulfide 57 
deposits are products of a Carboniferous sedimentary exhalative (SEDEX) system, which was 58 
overprinted by hydrothermal fluids associated with Cretaceous magmatism (Gu et al. 2000; Gu et 59 
al. 2007; Zhou et al. 2010; Guo et al. 2011; Xie et al. 2014; Xiao et al. 2016). In contrast, some 60 
authors considered these deposits as skarn/carbonate replacement systems genetically associated 61 
with Cretaceous magmatism (Pan and Dong 1999; Mao et al. 2011; Zhang et al. 2015). The 62 
contrasting genetic models have hampered recent mineral exploration strategies (Guo et al. 2011; 63 
Mao et al. 2011; Xie et al. 2014; Xiao et al. 2016). 64 
The Wushan and Chengmenshan deposits in the Jiurui district, west MLYMB, and 65 
Dongguashan and Xinqiao deposits in the Tongling district, central MLYMB (Fig. 1) are the 66 
most important and representative stratabound massive sulfide deposits within this giant 67 
metallogenic belt. In these mining districts, stratabound orebodies are mostly hosted in Late 68 
Carboniferous limestone and dolomite and, to a lesser extent, in the Early Permian limestone. In 69 
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addition to the stratabound occurrence, the stratabound orebodies are characterized by laminated 70 
structures and local presence of colloform pyrite. Another striking feature is the development of 71 
vertical to sub-vertical pyrite-quartz vein networks beneath stratabound orebodies. These field 72 
observations indicate that Xinqiao deposit share many similarities with typical SEDEX deposits 73 
(Large 1983; Leach et al. 2004; Leach et al. 2005). On the other hand, most of the stratabound 74 
deposits show close spatial association with Cretaceous intrusions that also exhibit variable 75 
amounts of porphyry-skarn mineralization (Pan and Dong 1999; Gu et al. 2007; Mao et al. 2011). 76 
Coexistence of SEDEX textures and magmatic association has resulted in a prolonged debate 77 
about the genesis of those stratabound massive sulfide deposits (Pan and Dong 1999; Gu et al. 78 
2007; Zhou et al. 2008; Guo et al. 2011; Mao et al. 2011; Xie et al. 2014; Zhang et al. 2015; Xiao 79 
et al. 2016).  80 
In this paper, we present fluid inclusion, quartz oxygen isotope, zircon U-Pb and pyrite Re-81 
Os data for the Xinqiao stratabound massive sulfide deposit. These new data are used to 82 
constrain the nature and origin of ore-forming fluids, emplacement age of the Cretaceous 83 
intrusions, and ultimately ore genesis. Combined with published geochemical and 84 
geochronological data, results from this study suggest a Cretaceous magmatic origin for the 85 
Xinqiao deposit. Our study also has implications for genesis of other stratabound massive sulfide 86 
deposits along MLYMB, and may offer guidance for future exploration within this metallogenic 87 
belt.  88 
 89 
Geologic background 90 
The MLYMB is located along the NE margin of the Yangtze craton that is separated from 91 
the Dabie Ultra-High Pressure Belt (UHP) by the Xiangfan-Guangji Fault in the north, and from 92 
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the North China craton by the Tancheng-Lujiang (Tan-Lu) Fault in the northeast (Fig. 1). The 93 
Changzhou-Yangxin and Guangde Faults define the southern and eastern boundaries of the 94 
MLYMB, respectively (Pan and Dong 1999).The northern Yangtze craton is underlain by 95 
tonalitic-trondjhemitic-granitic (TTG) gneisses and amphibolite to granulite facies supracrustal 96 
rocks (Zhao et al. 2011; Wan 2012). The TTG rocks have LA-ICP-MS zircon U-Pb ages ranging 97 
from 3.45 to 2.87 Ga (Guo et al. 2014). The TTG dominated basement rocks are unconformably 98 
overlain by Late Archean to Paleoproterozoic (2900-1895 Ma) calc-alkaline basalts, rhyolites, 99 
carbonate and clastic sedimentary rocks that metamorphosed to amphibolite and granulite facies 100 
(Pan and Dong 1999). Continent-rifting or subduction related magmatism occurred at 848 ± 4 101 
Ma (Li et al. 2008). Caron-wide marine deposition occurred from the Cambrian to the Late 102 
Devonian and ceased during the Early Carboniferous as a result of uplift of the Yangtze craton 103 
(Pan and Dong 1999; Wan 2012). Subsidence of the Yangtze craton during the Late 104 
Carboniferous permitted further marine sedimentation until the Late Triassic (Wu et al. 2003; 105 
Wan 2012). The Proterozoic to Triassic strata have been pervasively affected by the Triassic 106 
Indosinian Orogeny involving the continental collision between the Indochina and South China 107 
blocks (Wu et al. 2003; Wan 2012). 108 
Within the MLYMB, Late Silurian sandstones are unconformably overlain by sandstones of 109 
the Late Devonian Wutong Formation, which are unconformably overlain by sandstones of Early 110 
Carboniferous Gaolishan Formation. The Late Carboniferous Huanglong Formation dolomites 111 
and limestones are paraconformable lying above the Gaolishan Formation. Above the Huanglong 112 
Formation is Late Carboniferous Chuanshan Formation limestone. Paraconformably overlying 113 
the Chuanshan Formation is the Early Permian Qixia Formation, which comprises carbonaceous 114 
shales, siltstones and intercalated mudstones, carbonaceous limestone.  Middle to Upper Permian 115 
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Maokou, Longtan and Dalong Formations are dominated by cherts, shales, calcareous shales, 116 
banded limestone, and layered limestone. The latter formations are overlain by Triassic 117 
sediments that are dominated by limestone, dolomite, clastic rocks (sandstone) and shales (Pan 118 
and Dong 1999). 119 
Granitoid intrusions and volcanic rocks are widely distributed throughout the MLYMB (Fig. 120 
1). These magmatic units are divided into two groups based on their formation ages and 121 
lithologies (Zhou et al. 2008; Mao et al. 2011). The first group is dominated by granitoid 122 
intrusions emplaced between 148 and 135 Ma, and is widely distributed in Daye, Jiurui, Anqing, 123 
Tongling and Ningzhen districts (Fig. 1). The second group is composed of volcanic and 124 
subvolcanic rocks formed between133 and 123 Ma, which are mostly distributed in Ningwu and 125 
Luzong volcanic basins (Fig. 1). Group one intrusions are dominated by quartz diorite, 126 
granodiorite, and monzonite, with subordinate gabbro, diorite, syenite and granite, and are 127 
associated with the majority of Cu-Au and Cu-Fe porphyry-skarn deposits throughout MLYMB 128 
(Zhou et al. 2008; Mao et al. 2011). In contrast, the second group volcanic-subvolcanic 129 
sequences are spatially and temporally related to the skarn and Kiruna-type iron deposits (Zhou 130 
et al. 2008; Mao et al. 2011). 131 
A thrust fault is recognised broadly along the unconformity between Late Devonian 132 
sandstone and Early Carboniferous carbonates, which formed during the Triassic Indosinian 133 
Orogeny, and was reactivated during the Late Mesozoic Yanshan Orogeny associated with 134 
westward subduction of the paleo-Pacific plate (Li and Fu 1991; Wu et al. 2003; Li and Li 2007). 135 
This thrust system and its associated structures have a close spatial association with the 136 
Cretaceous intrusions and resultant porphyry-skarn Fe-Cu mineralization. In addition, almost all 137 
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the stratabound massive sulfide deposits in MLYMB occur along the thrust system (Wu et al. 138 
2003).  139 
 140 
Geology of the Xinqiao deposit 141 
Stratigraphy 142 
The stratigraphic column of sedimentary rocks exposed in the Xinqiao mine and surrounding 143 
areas is presented in Fig. 2 (803-Geological-Team 1971). The oldest rocks exposed are the 144 
Silurian sandstone and shales, which are unconformably overlain by the Late Devonian Wutong 145 
Formation. The Wutong Formation consists of pale-yellow quartz sandstone of 140 m thickness, 146 
with interbedded dark-grey shale and sandy shale. Quartz conglomerate with a thickness of 10-147 
30 cm is present at the top of the Wutong Formation in the mining area (803-Geological-Team 148 
1971). 149 
The Early Carboniferous Gaolishan Formation has a thickness of 30-50 m and is 150 
paraconformable with the underlying Wutong Formation. The lower and middle Gaolishan 151 
Formation predominately consists of pale-yellow and pale quartz sandstone, while the upper part 152 
comprises fine-grained quartz conglomerate, siltstone, and silty shales. The upper part of the 153 
Gaolishan Formation is extensively fractured (Li and Fu 1991) and contains abundant pyrite-154 
quartz veins with a volume percentage of 5-25, which represent the main host of Au at Xinqiao 155 
(803-Geological-Team 1971). Pyrite grains are generally euhedral or subeuhedral cubic crystals 156 
with a grain-size of 0.5-1 mm, but 2-5 mm grains are also documented (Guo et al. 2011).  157 
Overlying the Gaolishan Formation is the Late Carboniferous Huanglong Formation which 158 
includes ~30 m of limestone, dolomitic limestone and dolomite with locally presented silty 159 
sandstone at the base of the formation. The main stratabound massive sulfide orebody is hosted 160 
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within the bottom part of the Huanglong Formation and above the Gaolishan Formation (Fig. 161 
3;(803-Geological-Team 1971). Consequently, the bottom part of the Huanglong Formation is 162 
significantly replaced by the massive sulfide orebody, and in certain cases is completely replaced, 163 
as best illustrated near the Cretaceous Jitou stock (Fig. 3B and C). 164 
The Late Carboniferous Chuanshan Formation is 60 m thick. The lower part of the 165 
Chuanshan Formation is dominated by limestone in paraconformable contact with the underlying 166 
Huanglong Formation. The upper part of the Chuanshan Formation comprises laminated 167 
limestone and fossiliferous clastic limestone.  168 
Paracomformably overlying the Chuanshan Formation is the Early Permian Qixia Formation, 169 
which is composed of dark-grey carbonaceous limestone and grey cherty or nodular cherty 170 
limestone in the lower and upper parts, respectively. 171 
Permian-Triassic limestone, calcareous shale, cherty shale, silty shale and sandstone are 172 
widely distributed in the mining area with a total thickness of > 350 m. 173 
All the carbonates in the mining area experienced variable degrees of metamorphism 174 
associated with the emplacement of the Cretaceous intrusions discussed below (803-Geological-175 
Team 1971). Siltstone and silty shales of the Gaolishan Formation, which serves as the footwall 176 
of the massive orebody, exhibit extensive sericitization, with locally distributed hornfels (803-177 
Geological-Team 1971; Xu and Zhou 2001). The thrust system in Xinqiao mining area is broadly 178 
parallel to the unconformity between the Gaolishan and Huanglong Formations, and in some 179 
cases Chuanshan Formation carbonates are also part of this thrust system. Fault breccias are 180 
composed of limestone and silty shales, which have been thermally metamorphosed to marble 181 
and hornfels (803-Geological-Team 1971; Li and Fu 1991; Wu et al. 2003). 182 
 183 
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Igneous rocks 184 
Magmatism in the Xinqiao mine is largely represented by the Cretaceous Jitou quartz diorite 185 
stock (Figs. 6A, B), with additional dikes and sills of similar compositions (Fig. 3;(803-186 
Geological-Team 1971; Xu and Zhou 2001). 187 
The Jitou stock intrudes the Permian-Triassic carbonates and has an outcrop of 0.3 km2 (Fig. 188 
3A). Drill-core logging indicate it extends northward at depth (Fig. 3B;(803-Geological-Team 189 
1971). Though there is no obviously compositional variations across the pluton, but can be 190 
divided into a medium-grained central phase and a porphyritic marginal phase. The central phase 191 
(Fig. 3A) is dominated by quartz diorite (Fig. 6A) comprising plagioclase (60 vol. %), quartz (25 192 
vol. %) and hornblende (9 vol. %) with minor alkali feldspar (4 vol. %) and biotite (1 vol. %), 193 
and accessory minerals including zircon, titanite, apatite and magnetite. The marginal phase is 194 
dominated by diorite porphyry (Fig. 6B) which comprises plagioclase (30 vol. %) and 195 
hornblende (20 vol. %) as phenocrysts, and groundmass dominated by plagioclase (25 vol. %), 196 
quartz (20 vol. %) and hornblende (2 vol. %), and accessory minerals that include apatite, titanite, 197 
zircon and magnetite. In addition, monzonite is also documented as a component of the marginal 198 
phase (Wu et al. 2009). 199 
Several quartz diorite and porphyritic diorite dikes and sills are exposed or revealed via drill 200 
cores. The dikes and sills are compositionally and texturally similar to the marginal phase of the 201 
Jitou stock. The dikes and sills are particularly abundant in the northeast side of the Jitou stock 202 
(Fig. 3B), in the hanging-wall of the Qixia Formation, and along stratigraphic contacts. It is 203 
thought the Jitou stock provided a feeder for these dikes and sills (803-Geological-Team 1971). 204 
These dikes and sills, and the marginal phase of the Jitou stock as well, exhibit extensive 205 
alteration (see below), as indicated by feldspar dissolution (Fig. 6B). 206 
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A diorite porphyry dike was encountered during the mining activity in the southeast wall of 207 
the open pit (Fig. 6C). This dyke consists of plagioclase (27 vol. %) and hornblende (8 vol. %) as 208 
phenocrysts, with a groundmass predominately comprising plagioclase (48 vol. %) and quartz 209 
(15 vol. %), and accessory minerals that include pyrite, magnetite, apatite and zircon. No 210 
associated mineralization or alteration has been documented for this dike.  211 
 212 
Mineralization and alteration 213 
The Xinqiao deposit has an estimated resource of 10.22 million tonnes at an average of 214 
0.938 % Cu and 34.87 % S, respectively. Greater than 90 % of the resource is hosted by the main 215 
stratabound-type orebody that is located along the lithological contact of Gaolishan and 216 
Huanglong Formations (Fig. 3;(803-Geological-Team 1971). It extends along a NE-strike for 217 
2.56 km and average 21 m in thickness, with the thickest segments (~70 m) occurring in close 218 
proximity to the Jitou stock (Fig. 3;(803-Geological-Team 1971). Minor massive orebodies are 219 
fault hosted (Fig. 3B). The Xinqiao deposit average at 0.73 g/t Au,14.12 g/t Ag, and 0.5 % Zn, 220 
but the supergene zones, which has been mined out, contained up to 2 g/t Au and 70g/t Ag. The 221 
ore grades of the stratabound orebody appear to be spatially associated with the Jitou stock, with 222 
the highest Cu, S, Au, and Ag being present in proximity of the Jitou stock (Fig. 5A;(803-223 
Geological-Team 1971). The Xinqiao deposit is characterized by metal and ore zonation (Fig. 224 
5B). From the intrusive contact of the Jitou intrusion towards the Carbonaceous strata, the ores 225 
are dominated by magnetite, chalcopyrite, pyrite, and Zn-Pb sulfides (Fig. 5B). Mineralization 226 
and alteration associations, revealed from bench mapping, core logging and petrographic 227 
analysis, are presented in Figures 6-7, with the ore paragenesis summarized in Figure 8. 228 
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Skarn assemblages, although volumetrically minor, represent the most intensive alteration at 229 
Xinqiao (Fig. 3B, C). The skarn alteration is largely restricted within the contact zone between 230 
the Jitou stock and the Permian Qixia Formation limestone (Fig. 3C), but also extends locally 231 
into the stratabound orebody distal to the intrusion (Fig. 3B). The skarn alteration typically 232 
contains brown to dark-red, anhedral garnet (Fig. 6D), which is commonly overprinted by minor 233 
retrograde assemblage, which include actinolite, phlogopite, chlorite, epidote, and tremolite. 234 
Wollastonite clusters associated with garnet and diopside assemblages (Fig. 6E) are also 235 
developed within the Jitou stock, as a result of hydrothermal metasomatism of carbonate 236 
xenoliths (Fig. 3B, C). Epidote also occurs near the intrusive contact zone (Fig. 6F). Late stage 237 
euhedral calcite (grain size of ~1-3 cm) occurs in the garnet skarn and are typically enveloped by 238 
1-5 cm wide hematite rings (Fig. 6D). Hydrothermal alteration, largely represented by feldspar 239 
dissolution (Fig. 6B) and chlorite formation (Fig. 3G), is extensive throughout the marginal 240 
phase of the Jitou stock.  241 
Hydrothermal alteration is relatively weak on both the footwall and hanging walls of the 242 
stratabound massive sulfide orebody (803-Geological-Team 1971; Xu and Zhou 2001). However, 243 
silicification is variably developed in the sandstones of the Gaolishan Formation, and is generally 244 
associated with sericitization whenever silicate clasts are present in the sandstones. The 245 
silicification tends to be more intensive close to the stratabound orebody and where sandstones 246 
are extensively fractured (Fig. 6O). 247 
Below the stratabound orebody and within the silicificated Gaolishan Formation sandstone, 248 
there are numerous planar or wavy quartz vein networks (Gu et al. 2000; Guo et al. 2011), which 249 
have been previously interpreted to represent fluid conduits of a submarine exhalative system. 250 
The veins comprise subeuhedral-anhedral pyrite grains ranging in size from 0.5to 2 cm and 251 
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anhedral fine-grained (<0.3 mm) quartz. In places the vein networks are perpendicular to the 252 
stratabound orebody. The pyrite-quartz veins have a sharp contact with the sandstones and lack 253 
extensive hydrothermal alteration halos on both sides of the veins except for narrow (commonly 254 
<0.5 cm wide) silicification and sericitization selvages. 255 
In the hanging wall of the Qixia Formation limestone, pyrite veins, which are tens of 256 
centimetres to meters wide, are locally abundant (Fig. 4). These veins are typically associated 257 
with meter-wide marble zones, but no obvious alteration assemblages are documented (803-258 
Geological-Team 1971). 259 
Magnetite is the dominant ore mineral in skarn mineralization, comprising 50-60 vol % of 260 
the bulk skarn ore (Fig. 6H). The magnetite ore generally has a massive texture. Although 261 
chalcopyrite occurs as centimetre-sized clusters and several millimetre wide veins, it is only sub-262 
economic in the skarn mineralization (803-Geological-Team 1971). Typical pyrite mineralization 263 
in the skarn ore occurs as subparallel pyrite veins in quartz dominated matrix with banded 264 
textures (Fig. 6I). Skarn hosted pyrite are generally anhedral with a grain size of ~0.3-2 cm 265 
associated with anhedral fine-grained (<0.5 cm) quartz. 266 
The stratabound sulfide orebody in the Xinqiao deposit is dominated by massive pyrite ore 267 
(Fig. 6J-L), although massive chalcopyrite and sphalerite veins are also present (Fig. 6M-N). 268 
Three types of pyrite have been identified (py1, py2 and py3). In addition, previous studies 269 
document pentagonal, dodecahedron and fine-grained anhedral pyrite (Zhou et al. 2010; Xiao et 270 
al. 2016). Type 1 pyrite  (py1) is the most abundant and consists of anhedral grains with micro-271 
fractures (Fig. 6J, 7B). It typically occurs without associated minerals, with rare exceptions 272 
where quartz and chalcopyrite veinlets are observed. Type 2 pyrite is euhedral with a cubic form, 273 
and typically occurs as clusters with a grain size of 0.3-2.5 cm (Fig. 6K, 7A), and is not 274 
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associated with other minerals. Type 3 is featured by massive colloform texture (Fig. 6L). The 275 
colloform pyrite has zoned texture (Fig. 7C) with individual grains ranging from 0.5 to 2 μm size 276 
(Zhou et al. 2010; Xie et al. 2014; Xiao et al. 2016). In places, the colloform pyrite includes 277 
silver-yellow anhedral pyrite clusters, and is cut by ~0.5 cm wide silver-yellow pyrite veins (Fig. 278 
6L). 279 
Massive chalcopyrite is also present in the stratabound orebody. Chalcopyrite ore typically 280 
has a green-yellow colour with massive texture and is predominately comprised of chalcopyrite 281 
(Fig. 6M). Sphalerite occurs as 5-10 cm wide veins in the Qixia Formation limestone, with 282 
associated calcite and pyrite (Fig. 6N). In addition, sphalerite is also present as solid solution in 283 
chalcopyrite (803-Geological-Team 1971). 284 
 285 
Samples and Analytical methods 286 
Samples 287 
Two diopside-bearing samples (XQ7 and XQ10; Fig. 6E) were collected from the contact 288 
zone (Fig. 3B) between the Jitou stock and the Qixia Formation dolomitic limestone in the open 289 
pit. Two quartz bearing banded pyrite-quartz vein (Fig. 6I) samples (XQ82 and XQ86) were 290 
collected from the same position. A further two quartz bearing samples (XQ8-1 and XQ8-2) 291 
were collected from the Gaolishan Formation sandstone hosting quartz-pyrite vein networks (Fig. 292 
6O) at the north wall of the open pit (Fig. 3B). Diopside and quartz bearing assemblages from 293 
these samples were selected for fluid inclusion study. 294 
Samples (XQ5-1, 5-2 and 5-3) used for SIMS oxygen isotope analysis also were collected 295 
from the contact zone (Fig. 3B) between the Jitou stock and the Qixia Formation dolomitic 296 
limestone in the open pit. These samples are dominated by anhedral garnet overprinted with 297 
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calcite (Fig. 6D) and anhedral quartz interstitial to the garnet grains (Fig. 7E). Four quartz-pyrite 298 
veins (XQ8-3, 8-4, 8-5 and 8-6) hosted in the Gaolishan Formation sandstone were collected 299 
from the same position as XQ8-1 and 8-2. 300 
One diorite porphyry sample (XQ09-3) was collected from the marginal phase of the Jitou 301 
stock (Fig. 3B), and comprises plagioclase (27 vol. %) and hornblende (23 vol. %) as 302 
phenocrysts, with a groundmass of plagioclase, quartz and hornblende, and accessory minerals of 303 
apatite, titanite, zircon and magnetite. The sample possesses extensive plagioclase phenocryst 304 
dissolution indicating intensive hydrothermal alteration (Fig. 6B). The XQ1 sample was 305 
collected from south wall of the open pit (Fig. 3B), which is diorite porphyry in composition. 306 
This unit has a similar mineralogy to the marginal phase of the Jitou stock, but possesses less 307 
abundant phenocrysts and is free of alteration (Fig. 6C). Zircon grains were separated from these 308 
two samples for SIMS U-Pb geochronology. 309 
Four massive pyrite samples were collected from the main stratabound massive sulfide 310 
orebody at the bottom northeast corner of the open pit for Re-Os geochronology study. Samples 311 
XQ15 and XQ24 are dominated by py1 (Fig. 6J, 7B), whereas samples XQ25 and XQ10 are 312 
mainly composed of py2 (Fig. 6K, 7A).. 313 
 314 
Microthermometry 315 
Microthermometric analysis of fluid inclusions in diopside and quartz was carried out at the 316 
fluid inclusion laboratory at the Faculty of Earth Resources, China University of Geosciences, 317 
Wuhan, using a Linkam THMS600 heating and freezing stage mounted on an Olympus 318 
transmission light microscope. Synthetic fluid inclusion standards (pure CO2 and pure water) 319 
were used at -56.6, 0, 10.2, and 374°C to assess the accuracy of the stage (Baumgartner et al. 320 
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2014). Analytical uncertainties are better than ±0.2 oC and ± 1 oC for measurements below and 321 
above 31.1 oC (critical point of CO2), respectively. The volumetric fraction of liquid or vapor 322 
phases present in fluid inclusions was estimated at room temperature with reference to the 323 
volumetric chart of Roedder (1984). Bulk salinity was calculated from the final ice melting 324 
temperature, or halite dissolution temperature (Bodnar and Vityk 1994) for hypersaline fluid 325 
inclusions.  326 
 327 
SIMS oxygen isotope analysis 328 
Quartz oxygen isotope analysis was carried out at the Institute of Geology and Geophysics, 329 
Chinese Academy of Sciences with a CAMECA IMS-1280 SIMS. Sample preparation and 330 
instrument operation conditions are the same as Li et al. (2010a) and are briefly summarized here. 331 
Quartz bearing assemblages were mounted with NBS-28 (Matsuhisa 1974) and Qinghu quartz 332 
standards and then polished and coated with gold. The Cs+ primary ion beam was accelerated at 333 
10 kV, with a beam intensity of ca. 2 nA and rastered over a 10 µm area. The spot size as an 334 
ellipse was about 10 × 20 µm in diameter. Oxygen isotopes were measured using multi-335 
collection mode on two off-axis Faraday cups. The intensity of 16O ion was typically 109 cps 336 
during this study. The instrumental mass fractionation factor (IMF) was corrected using NBS-28 337 
with a δ18O value of 9.5 ‰ (V-SMOW, same as below;(Matsuhisa 1974). Measured 18O/16O 338 
ratios were normalized by using V-SMOW compositions (18O/16O = 0.0020052), and then 339 
corrected for the IMF. Uncertainties on individual analysis were usually better than 0.3 ‰ (2 SE). 340 
All measurements were bracketed by or interspersed with analyses of Qinghu quartz that served 341 
as an in-house standards. Our measurements of Qinghu quartz showed small amounts of random 342 
drift through time (in all cases <0.6 ‰). The weighted mean of 41 measurements is 8.66 ± 0.05 ‰ 343 
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(95 % conf., Table A1, Fig. A1, 2 SD = 0.28), which is identical, within uncertainty, to the 344 
recommended value (8.6 ± 0.2 ‰; 2 SD, Li Xian-Hua, unpublished). The data are reported in 345 
Table 1 and graphically presented in Fig.10. The weighted mean δ18O value of each sample was 346 
calculated by Isoplot 3.0 with rejection of any data outside of the 2 sigma uncertainty (Ludwig 347 
2003). 348 
 349 
SIMS zircon U-Pb dating  350 
Zircon U-Pb dating was conducted at the Institute of Geology and Geophysics, Chinese 351 
Academy of Sciences with a CAMECA IMS-1280HR SIMS. Sample preparation and instrument 352 
operation conditions are the same as previous studies (Li et al. 2009; Li et al. 2010a) and are 353 
briefly summarized here. 354 
Zircon grains were mounted with geochronology standards (Plešovice and Qinghu zircon) 355 
(Sláma et al. 2008; Li et al. 2013) and then polished and coated with gold. During U-Pb analysis, 356 
zircon grains were sputtered by an O2- primary ion beam with a beam intensity of ca. 8 nA and a 357 
beam diameter of 20 μm. An ellipsoidal spot approximately 20 × 30 μm in size was created at the 358 
sample surface as the ion beam was at an angle with the sample surface. U-Pb concentration and 359 
isotopic compositions were calibrated against the Plešovice zircon standard with a recommended 360 
age of 337.13 ± 0.37 Ma (Sláma et al. 2008). Common Pb was corrected using measured non-361 
radiogenic 204Pb and an average present day crustal Pb isotopic composition defined by Stacey 362 
and Kramers (1975). The Wetherill concordia plots and derived concordia ages were calculated 363 
by using Isoplot v.3.0 (Ludwig 2003). As a monitor of data quality, the Qinghu zircon standard 364 
was analysed between samples. Seven analyses of Qinghu zircon during this study (Table A2, 365 
Fig. A2) yielded a weighted mean 206Pb/238U age of 160.1 ± 1.8 Ma at 95 % confidence (MSWD 366 
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= 0.43), which is in agreement with the reported reference value of 159.5 ± 0.2 Ma (Li et al. 367 
2013). The U-Pb data are reported in Table 2, and illustrated in Wetherill concordia plots and 368 
weighted average of 206Pb/238U ages (Fig.11). 369 
 370 
Pyrite Re-Os dating 371 
Massive pyrite samples were crushed to 20-30 mesh and then handpicked under a 372 
microscope, the estimated pyrite purity is better than 98 %. The pyrite Re-Os analytical method 373 
was the same as documented by Selby et al. (2009) and is briefly outlined here. Purified pyrite 374 
aliquots were accurately weighted and loaded into carius tubes with known amounts of mixed 375 
Re-Os tracer solution containing 185Re and 190Os. The carius tubes were then sealed, digested and 376 
equilibrated using a mix of 11 N HCl (3 ml) and 15.5 N HNO3 (8 ml) at 220 oC for 48 hours. 377 
Osmium was isolated and purified from the acidic digestion medium using solvent (CHCl3) and 378 
microdistillation methods, and rhenium was separated by solvent extraction (acetone) and anion 379 
chromatography (Selby and Creaser 2001). The purified Re and Os were loaded onto Ni and Pt 380 
filaments, respectively, with the isotopic measurements conducted using negative thermal 381 
ionization mass spectrometry (Creaser et al. 1991) on a Thermo Electron TRITON mass 382 
spectrometer. The Os data was collected via ion counting using a secondary electron multiplier 383 
in peak-hopping mode, and Re data was collected with static Faraday collectors. Total 384 
procedural blanks were monitored during the course of study. Blanks for Re and Os were 2.8 ± 385 
0.6 and 1.7 ± 2.0 pg, respectively, with an average 187Os/188Os value of 0.19 ± 0.10 (2σ, n = 3). 386 
The presented uncertainties include the fully propagated uncertainties in Re and Os isotopic 387 
compositions measurements, blank abundances and isotopic compositions, spike calibrations and 388 
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reproducibility of standard Re and Os isotope values. Decay constant uncertainties are not 389 
propagated as the uncertainty of Re-Os is dominated by analytical uncertainty.  390 
 391 
Results 392 
Fluid inclusion 393 
Fluid inclusions were classified as primary, pseudosecondary and secondary inclusions 394 
following the definition of Goldstein and Reynolds (1994). Both primary and pseudosecondary 395 
fluid inclusions homogenised to liquid followed by dissolution of halite whenever it is present. 396 
No clathrate formation was recorded in this study. However, a few fluid inclusions hosted in 397 
diopside, 6 of them did not homogenize despite heating to ~598 oC for ~10 minutes.  398 
Diopside predominately hosts liquid-vapor two-phase fluid inclusions with a few containing 399 
halite as daughter minerals. These fluid inclusions are generally round and vary in size from 5 to 400 
12 μm (Fig. 9A&B). Vapor phase accounts for 30 and 60 vol. % of individual fluid inclusions. 401 
Thirty-nine measurements yield variable homogenization temperatures and calculated salinities 402 
(Fig. 10). The two-phase aqueous fluid inclusions (n = 28) yielded homogenization temperatures 403 
of 450-~600 oC and calculated salinities of 13-21 wt. % NaCl equiv. The halite bearing 404 
inclusions (n = 11) yield homogenization temperatures of 450 to ~600 oC and salinities of 35-58 405 
wt. % NaCl equiv. calculated from halite melting temperature 406 
Quartz from the banded quartz-pyrite veins in the skarn ores hosts abundant two-phase 407 
aqueous fluid inclusions, which are round to sub-round or polygonal in shape, range in size from 408 
a few to >10 μm, and contain 20-50 vol. % vapor phase (Fig. 9C). Homogenization temperatures 409 
and calculated salinities for these fluid inclusions (n = 29) are 290-360 oC (average = 328 ± 46 410 
˚C), and 5-12 wt. % NaCl equiv, respectively (Fig. 10). 411 
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Quartz from the quartz-pyrite vein networks in the Gaolishan Formation sandstone host 412 
liquid-rich aqueous fluid inclusions that are elongated with a diameter of ~10 μm and contain 413 
<35 vol. % vapor. The inclusions (n = 46) yielded homogenization temperatures between 200 414 
and 300 oC (average = 258 ± 42 ˚C), and calculated salinities of 2-10 wt. % NaCl equiv. (Fig. 10).  415 
 416 
Oxygen isotopes 417 
In total, 32 and 71 in-situ quartz oxygen isotope analyses were conducted for quartz from the 418 
banded skarn ore (Fig. 6I, 7E) and quartz-pyrite veins in the Gaolishan Formation sandstone (Fig. 419 
6O, 7F), respectively. Mineral inclusions are rare in these anhedral quartz grains except pyrite in 420 
some cases (Fig. 7E-F). The analysed quartz grains exhibit no cathodoluminescence, indicating 421 
homogeneous texture and composition. The data are reported in Table 1 and graphically 422 
presented in Figure 11. 423 
Quartz grains from the skarn ore samples yield δ18O values of 11.09 to 13.79 ‰ (2 SD; n = 424 
22). No systematic variation in the δ18O values were observed between samples. Quartz from 425 
quartz-pyrite vein networks in the Gaolishan Formation sandstone yield δ18O values 426 
predominately between 13.47 and 17.76 ‰, with a mean of 15.57 ± 1.92 (2 SD, n = 60). Again, 427 
no systematic δ18O values variations were observed among the analysed samples. 428 
 429 
Zircon U-Pb ages 430 
All zircon grains recovered from the marginal phase of the Jitou stock and the alteration-free 431 
diorite porphyry dike are pale, euhedral and prismatic, and their CL images revealed well-432 
developed oscillatory zonation (Fig. 12). The morphological and textural features confirm a 433 
magmatic origin for the zircon grains investigated. The U-Pb data are summarized in Table 2 and 434 
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illustrated in Figure 12. For the marginal phase diorite porphyry of the Jitou stock, 16 analyses 435 
yield a Wetherill concordia age of 138.5 ± 1.0 Ma (95 % conf., MSWD = 0.6), which is identical 436 
to the weighted mean 206Pb/238U age (138.5 ± 1.0 Ma, 95 % conf., MSWD = 0.24). For the  437 
diorite porphyry dike, 22 analyses showed limited scatter and yield a Wetherill concordia age of 438 
130.6 ± 1.1 Ma (95 % conf., MSWD = 0.1), and an identical weighted average of 206Pb/238U age 439 
of 130.7 ± 0.9 Ma (95 % conf., MSWD = 1.1). 440 
 441 
Pyrite Re-Os geochronology 442 
The Re-Os data for pyrite samples from the stratabound orebody are reported in Table 3 and 443 
graphically shown in Figure 13. Three of the four pyrite samples possess Re concentrations of 26 444 
to 31.9 ppb, with the remaining one containing 1.1 ppb Re. The total Os concentrations range 445 
from 31 to 124.7 ppt. With the exception of the relatively low Re sample, the sample set has 446 
elevated 187Re/188Os (~2400 to 15000) and 187Os/188Os (~7.6 to 39) values. The Re-Os data for all 447 
samples possess high error correlation (rho) values (>0.92). These features characterise samples 448 
XQ10, 24 and 25 as low-level highly radiogenic sulphides, which means that the bulk Os, 449 
especially 187Os predominately consists of radiogenic 187Os (187Osr), rather than common Os that 450 
was incorporated into the pyrite during its formation (i.e., common Os) (Stein et al. 2000; Selby 451 
et al. 2009). Including the error correlation value, Isoplot cannot solve a best fit for the Re-Os 452 
data of the pyrite samples. This is, in part, due to associated uncertainty of the 187Re/188Os and 453 
187Os/188Os values (~2.3 to 12%), and the rho values (>0.92), which are calculated from the 454 
187Re/188Os, 187Os/188Os, and 187Re/187Os values and their uncertainties (Cumming et al. 1972). 455 
Not including the rho value Isoplot calculates a Model 3 (assumes that the scatter about the 456 
degree of fit is the result of the assigned uncertainties and an unknown, but normally distributed 457 
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variation in the initial 187Os/188Os values) date for the Re-Os data of 142 ± 47 Ma, with an initial 458 
187Os/188Os value of 1.2 ± 3.5 (MSWD = 7.8).  459 
 460 
Discussion 461 
Nature and origin of ore-forming fluids 462 
Fluid inclusions in diopside from the uneconomic skarn exhibit high homogenization 463 
temperatures (450-600 oC) with high, but variable salinities (13-58 wt. % NaCl equiv., Fig. 10), 464 
features commonly cited as evidence for magmatic hydrothermal fluids (Meinert et al. 2003). 465 
The high and low salinity fluid inclusions in diopside have similar homogenization temperatures 466 
(Fig. 10), potentially indicating fluid unmixing during the skarn formation. Similar observations 467 
have been made for garnet and diopside in skarn mineral deposits elsewhere (Xiao et al. 2002; 468 
Meinert et al. 2005; Bodnar et al. 2014). Field relations indicate that this magmatic hydrothermal 469 
fluid was most likely sourced from the Jitou stock and/or the underlying magma chamber.  The 470 
banded quartz-pyrite veins (Fig. 6I) are paragenetically coeval or slightly postdate retrograde 471 
alteration assemblages (Fig. 8). Fluid inclusions hosted by quartz grains from the veins have 472 
moderate homogenization temperatures (290-360 o) and moderate to low salinities (5-12 wt. % 473 
NaCl equiv.; Fig. 10), comparable to those documented in retrograde alteration assemblages of 474 
skarn deposits (Meinert et al. 1997; Xiao et al. 2002; Meinert et al. 2005; Bodnar et al. 2014). 475 
Fluid inclusions hosted by quartz grains from quartz-sulfide veinlets beneath the stratabound 476 
massive sulfide ore possess moderate-low homogenization temperatures (200-300 oC) and 477 
salinities (2-10 wt. % NaCl equiv.; Fig. 10), which are slightly lower than those in banded quartz 478 
of the skarn ore, but are comparable with the fluids associated with the retrograde alteration 479 
assemblages in typical skarn deposits (Bodnar et al. 2014). Moreover, these fluid inclusion 480 
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characteristics are in sharp contrast to those documented in typical SEDEX deposits (Nesbitt et al. 481 
1984; Leach et al. 2004). For example, in Red Dog deposit, fluid inclusions hosted by quartz 482 
have significant lower homogenization temperatures and salinities (typically < 230 oC and 5 wt. % 483 
NaCl equiv;(Leach et al. 2004). The homogenization temperatures obtained in this study 484 
represent a minimum estimate for temperatures of the ore-forming fluids, the values, however, 485 
are obviously higher than homogenization temperatures of fluid inclusions from typical SEDEX 486 
deposits (Leach et al., 2005) and measurements for modern Zn and Pb rich sedimentary brines 487 
(60-160 oC), which are believed to be the modern analogues of SEDEX ore-forming fluids 488 
(Cooke et al. 2000).  489 
Based on the average homogenization temperatures (Fig. 10), the calculated δ18O values of 490 
fluids associated with quartz from the banded skarn ore (328 ± 46 oC) and quartz-pyrite veins 491 
(258 ± 42 oC) hosted in sandstone are 6.22 ± 1.59 ‰ and 6.81 ± 2.76 ‰, respectively (Fig. 11). 492 
These values confirm a magmatic origin for the ore-forming fluids and that both types of 493 
mineralization may  have precipitated from the same fluid system. Alteration assemblages in 494 
conduit pipes beneath stratabound orebody in classic SEDEX deposits are expected to record a 495 
mixing fluid between deep circulated hydrothermal fluid and seawater (Davies et al. 1990; Jiang 496 
et al. 1998; Cooke et al. 2000; Slack et al. 2015). Oxygen isotope compositions of carbonates 497 
(dolomite, kutnohorite, manganosiderite and calcite) suggests that the fluids responsible for 498 
SEDEX Pb-Zn mineralization at the vent site of Sudbury Basin have δ18O values of ~-1 ‰ 499 
(Davies et al. 1990). In contrast, the quartz-pyrite vein networks hosted by the Gaolishan 500 
Formation sandstone have oxygen isotopes that are significantly heavier than the fluid typical of 501 
SEDEX systems, arguing against a SEDEX fluid origin. 502 
24 
 
In summary, fluid inclusions in quartz from banded skarn ore and pyrite-quartz veins hosted 503 
in Gaolishan Formation sandstone, the latter having long been considered to be a product of 504 
SEDEX mineralization (Gu et al. 2000; Gu et al. 2007; Guo et al. 2011), have broadly 505 
comparable homogenization temperatures, calculated salinities, and δ18O values. The values are 506 
also comparable to those documented in retrograde alteration assemblages from typical skarn 507 
deposits, both locally in Tongling area (Xiao et al. 2002; Wang and Ni 2009) and globally 508 
(Meinert et al. 2005; Bodnar et al. 2014). In contrast, these features are distinctly different from 509 
those observed in typical SEDEX deposits and their modern analogues (Davies et al. 1990; Jiang 510 
et al. 1998; Cooke et al. 2000; Slack et al. 2015). Taken together, we favour a magmatic origin 511 
for the fluid associated with the quartz-pyrite veins at Xinqiao.  512 
 513 
Timing of mineralization  514 
The SIMS zircon U-Pb data (Fig. 12) suggest that the marginal phase of the Jitou stock (Fig. 515 
6B) crystallized at 138.5 ±1.1 Ma, whereas the quartz diorite (Fig. 6C) was emplaced at 130.6 516 
±1.1 Ma. The present SIMS zircon U-Pb age (138.5 ±1.1 Ma) of the Jitou stock is younger than a 517 
previous SHRIMP zircon U-Pb age (146.4 ± 4.3 Ma; Wu et al. (2009), but is within analytical 518 
uncertainty of an earlier SHRIMP zircon age (140.4 ± 2.2 Ma; Wang et al. (2004). The samples 519 
dated by Wu et al. (2009) and Wang et al. (2004) were monzonite and quartz diorite from the 520 
Jitou stock, which exhibit intensive propylitic alteration as observed in this study. Although there 521 
are textural variations across the Jitou stock, no crosscutting relationships has been observed 522 
between the central and marginal phases. As a result, the textural and compositional changes 523 
across the pluton is assumed to be controlled by cooling and fractional crystallization. In this 524 
case, a multi-stage intrusive history is not favored. Further, a prolonged crystallization history is 525 
25 
 
excluded considering the small volume of the Jitou stock (Fig. 3A-B) and thermal modeling 526 
results that suggest a single intrusive event with a size of 160 km3 can only sustain hydrothermal 527 
circulation and near-surface geothermal activity for approximately 800,000 years (Cathles et al. 528 
1997). Consequently, the difference between the two SHRIMP zircon U-Pb ages (Wang et al. 529 
2004; Wu et al. 2009) and the new SIMS data is most likely caused by bias between labs and 530 
methods as demonstrated by Li et al. (2015), although contamination from inheritance cannot be 531 
precluded (Mezger and Krogstad 1997; Schoene 2014). Based on the discussion above, our 532 
SIMS U-Pb age is considered as the best estimate for the crystallization timing of Jitou stock 533 
(Fig. 12A). The alteration-free diorite porphyry dike is ~8 Ma younger than the Jitou stock, 534 
indicating a magmatic activity after the emplacement of the Jitou stock. 535 
The Re-Os data (not including the rho values) of the 4 massive pyrite samples from the 536 
stratabound orebody yield a Model 3 Re-Os date of 142 ± 47 Ma (initial 187Os/188Os = 1.2 ± 3.5, 537 
Fig. 13). The degree of scatter (MWSD = 7.8) about the best fit line of the Re-Os data is beyond 538 
that that can be solely explained by analytical uncertainties (Wendt and Carl 1991). The possible 539 
reasons to account for the scatter are: (1) open system behavior of Re-Os isotopic system in these 540 
pyrite samples (Nakai et al. 1993); (2) multiple pyrite generations in multiple mineralization 541 
events (different t, typically different initial 187Os/188Os values); (3) prolonged mineralization 542 
duration from a single fluid sources (different t, similar 187Os/188Os values) (Hnatyshin et al. 543 
2015); and (4) simultaneously mineralization from multiple sources fluid (same t, different 544 
187Os/188Os values) (Ostendorf et al. 2015). 545 
With the exception of sample XQ15, none of Re-Os data for pyrite of this study fall along a 546 
~320 Ma reference line (Fig. 13). Sample XQ15 yields a positive initial 187Os/188Os value (0.5) at 547 
320 Ma (Table 3). The remaining samples (XQ10, 24 and 25) yield significant negative initial 548 
26 
 
187Os/188Os values (-5.4 to -40.6) at 320 Ma (Table 3), which would suggest that if these samples 549 
were formed at ~320 Ma the Re-Os systematics have been significantly disturbed/reset.  550 
Further, if we consider samples XQ10, 24, 25 only, the Re-Os data yield a highly imprecise 551 
Model 3 data (153 ±160 Ma; Fig. 13) with an initial 187Os/188Os value of 0 ± 26 (MWSD = 151). 552 
The decrease in precision of the Re-Os data is likely caused by the removal of sample XQ15, 553 
which given its low 187Re/188Os and 187Os/188Os values relative to samples XQ10, 24, 25, may 554 
have aided in anchoring the regression line. Additionally, the low precision in the Re-Os data is 555 
likely due to highly variable initial 187Os/188Os values. Based on above discussion, the variability 556 
in the initial187Os/188Os values could be explained by the penecontemporaneous formation of the 557 
sulfides from fluids with different 187Os/188Os values, and/or inheritance of 187Os/188Os values 558 
from the country rock through fluid-rock interactions, and/or incomplete resetting of the Re-Os 559 
systematics of older pyrite. In addition, Os out of equilibrium in massive pyrite sample due to Os 560 
isotopes exchange by solid-state diffusion in pyrite (Brenan et al. 2000) can also account for the 561 
scatter observed in this study.  562 
Although the Re-Os data yield a poorly-defined best fit line, the Re-Os data of the pyrite 563 
samples yield a date that, including uncertainty, overlaps with the age of the Jitou stock (Fig. 564 
12A). In addition, this age, within uncertainty, agrees with the 112.6 ± 7.8 Ma pyrite Rb-Sr and 565 
the 126 ± 11 Ma pyrite Re-Os mineralization age with samples collected from the stratabound 566 
orebody (Wang et al. 2005; Xie et al. 2009), and a recently published quartz fluid inclusion Rb-567 
Sr date representing the age of quartz-pyrite veins hosted by sandstone is 138± 2.3 Ma (Zhang et 568 
al. 2015). 569 
However, all these early Cretaceous mineralization ages are significantly younger than the 570 
319 ± 13 Ma (MSWD = 16) pyrite Re-Os data representing the “age” of pyrite-quartz veinlets 571 
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hosted by sandstone beneath the stratabound orebody (Guo et al. 2011). The samples of Guo et al. 572 
(2011) were collected frompyrite-quartz vein networks hosted by Gaolishan Formation sandstone 573 
described in this study (Fig. 6O) and Zhang et al. (2015). But both previous (Wang and Ni 2009) 574 
and this study report fluid inclusions data, that is indicative of a magmatic origin. This magmatic 575 
origin is most likely related with the Jitou stock, as supported by the 138 ± 2.3 Ma quartz fluid 576 
Rb-Sr (Zhang et al. 2015), which is identical to the emplacement age of the Jitou stock (Fig. 12). 577 
 578 
As discussed above, the mineralization of the stratabound orebody and the quartz-pyrite 579 
veins hosted by sandstone is, at least in part, associated with a Cretaceous hydrothermal event, 580 
likely genetically related to the Jitou stock, as confirmed by the fluid inclusion and oxygen 581 
isotope data. However, the age presented here has large uncertainties, and the quartz fluid 582 
inclusion Rb-Sr system has uncertainties related to multiple generations of fluid inclusions. This 583 
proposes the requirement for additional accurate and precise geochronology to better constrain 584 
the mineralization age, and thus the genesis and ore-forming processes of Xinqiao. 585 
 586 
A Cretaceous carbonate replacement deposit 587 
As discussed above, the nature of ore-forming fluids and mineralisation ages invoke for a 588 
Cretaceous magmatic origin for the Xinqiao deposit, presumably genetically related to the 589 
Cretaceous Jitou stock and potential associated intrusions at depth. This magmatic model for the 590 
Xinqiao deposit is further supported by several lines of evidence. (1) The close spatial 591 
association between the Cretaceous intrusions and the stratabound massive sulfide orebody (Fig. 592 
3A-C), and the zoned metal distribution grading from magnetite through chalcopyrite to 593 
auriferous pyrite and then Zn-Pb sulfides well correlated with distance from the Jitou stock (Fig. 594 
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5A, B).  (2). Coarse grained pyrite (Fig. 6K, 7A) is common in the stratabound orebody at 595 
Xinqiao, which contrasts to the fine grained nature of pyrite typically occurring in SEDEX 596 
deposits (Leach et al. 2005). The locally presented massive, colloform and laminated ore textures 597 
(Fig. 6J-L, 7B-C) at Xinqiao are not diagnostic of SEDEX deposits as they are also widely 598 
present in skarn deposits (Meinert 1982; Sato 1984). (3) The quartz-pyrite vein networks hosted 599 
by Gaolishan Formation sandstone are locally broadly perpendicular to the stratabound orebody, 600 
but are controlled by brittle fractures (803-Geological-Team 1971; Pan and Dong 1999; Gu et al. 601 
2000; Guo et al. 2011). This contrasts to synsedimentary faults that are characteristic of many 602 
SEDEX deposits (Large 1983; Goodfellow et al. 1993). (4) The pyrite-quartz networks in the 603 
Gaolishan Formation sandstone lack zoned alteration halos (Wang and Ni 2009; Guo et al. 2011; 604 
Zhang et al. 2015) and are predominately comprised of coarse grained Au-enriched pyrite (Fig. 605 
6O, 7A). This is different from typical feeder zones of SEDEX deposit, e.g., Sullivan Pb-Zn 606 
deposit in British Columbia and Pomorzany Pb-Zn deposit in Poland, where the fluid conduits 607 
have zoned geometries with the sulphides exhibiting fine-grained colloform textures, with 608 
abundant quartz, tourmaline and Fe-Mn carbonates alteration assemblages, and the sulfides are 609 
rarely rich in Au (Jiang et al. 1998; Leach et al. 2005).  610 
In summary, ore-forming fluids at Xinqiao have similar temperatures, salinities and δ18O 611 
values with those observed in typical skarn deposits, but are distinctly different from those 612 
documented in SEDEX deposits and their modern analogues. The close association of the 613 
mineralization with magmatism, metal zoning, ore distribution patterns and fluid nature all show 614 
a magmatic affinity. The field occurrences coupled with geochemical and geochronological data 615 
suggest that the Xinqiao deposit can be best classified as a carbonate replacement deposit 616 
associated with early Cretaceous magmatism.  617 
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 618 
General patterns of stratabound massive ore deposits and implications for exploration 619 
Extensive sulfur isotope studies have been conducted in an attempt to constrain the genesis 620 
of stratabound massive sulfide deposits along MLYMB. As presented in Figure 14 stratabound 621 
massive sulfide deposits have pyrite δ34S values ranging from -1.1 to 7.7 ‰ with an average of 622 
3.8 ‰ (n = 128), with exception of three analyses (-9, -13, 11 ‰,(Zhou et al. 1983; Zhou 1984; 623 
Zhao et al. 1985; Liu and Liu 1991; Pan and Dong 1999; Xu et al. 2004; Li 2006; Xu et al. 2010). 624 
The sulfur isotope data are comparable with those of Cretaceous intrusions and associated skarn 625 
and porphyry deposits, which show limited variations between -1.3 and 7.0 ‰, with a mean of 626 
2.8 ‰ (n = 56,(Pan and Dong 1999; Xu et al. 2010). In contrast, the diagenetic pyrite samples 627 
from the major host rocks of the stratabound massive sulfide deposits, Carboniferous carbonates, 628 
have negative δ34S values with significant fluctuations between -35.4 and -17.6 ‰ (n = 10,(Zhou 629 
1984; Xu et al. 2010). Thus, pyrite sulfur isotope data suggest that the stratabound massive 630 
sulfide deposits are most likely related to the spatially associated Cretaceous magmatic systems, 631 
and have limited contribution from sedimentary sulfur. 632 
Mineralization age is the most critical information to understand the genesis of stratabound 633 
massive sulfide deposits in MLYMB. As summarized in Table 3 and Figure 15, both 634 
Carboniferous and Cretaceous ages are reported. Although the magmatic rocks and associated 635 
porphyry-skarn deposits were broadly formed between 148 and 130 Ma, the reported 636 
mineralization ages of stratabound massive sulfide deposits derived from pyrite Rb-Sr and pyrite 637 
Re-Os predominately are based on Xinqiao and show significant scatter (Fig. 15; (Meng et al. 638 
2004; Wang et al. 2005; Xie et al. 2009; Guo et al. 2011; Zhang et al. 2015). As discussed earlier, 639 
there is a need for further accurate and precise ages.  640 
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Geochemical anomaly mapping is one the most important guidance for mineral exploration. 641 
Soil Cu, Pb, Zn, Au and Ag geochemical anomaly map in the Tongling area (Fig. 16, Jiujiang 642 
conference communication, 2010) shows a strong concentric zonation around Miocene intrusions, 643 
which are the same as documented in Mankayan intrusion-centered Cu-Au district, Philippines 644 
(Chang et al. 2011). This is different to the geochemical anomalies around SEDEX deposits, 645 
which are stratigraphically controlled, as demonstrated by Lambert and Scott (1973) in the HYC 646 
deposit, Australia, where Mn and to lesser extent Pb and Zn, occur in dolomites in a narrow 647 
envelope surrounding the stratabound orebody, and extends along the favourable horizon at the 648 
base of pyrite shale member for at least 23 km. 649 
Given the close spatial association between the stratabound massive sulfide deposits and 650 
Cretaceous magmatism, magmatic affinity of the alteration assemblages and geochemical data, 651 
as well as the structural/unconformity controlled position of the ore body, we propose that a 652 
promising exploration target for stratabound massive sulfide deposits is the convergence zone 653 
where the Cretaceous intrusions intrude or overprint the unconformity between the Late 654 
Devonian Wutong and the Early Carboniferous Gaolishan Formations. Early Cretaceous 655 
intrusions with known associated stratabound massive sulfide deposits may also contain Cu (Mo 656 
and Au) resources at depth as porphyry/skarn mineralization, as supported by the newly 657 
discovered porphyry Cu-Mo deposit at depth of Dongguashan stratabound massive sulfide 658 
deposit (Yuan et al. 2014).  659 
 660 
Conclusions 661 
Fluid inclusions hosted by prograde diopside yield homogenization temperatures between 662 
450-600 oC and calculated salinities of 13-58 wt. % NaCl equiv. While fluid inclusions hosted by 663 
31 
 
quartz from the banded skarn ore and pyrite-quartz vein networks in the Gaolishan Formation 664 
sandstone have homogenization temperatures of 290-360 and 200-300 oC, with calculated 665 
salinities of 5-12 and 2-10 wt. % NaCl equiv respectively. Quartz grains from the banded skarn 666 
ore and the pyrite-quartz vein networks hosted by Gaolishan Formation sandstone have SIMS 667 
δ18O values of 12.32 ± 0.55 (2 SD, n = 22) and 15.57 ± 1.92 ‰ (2 SD, n = 60), with calculated 668 
fluid δ18O values of 6.22 ± 1.59 and 6.81 ± 2.76 ‰ based on the average fluid inclusion 669 
homogenization temperatures of 328 ± 46 and 258 ± 42 oC of this study, respectively. The SIMS 670 
zircon U-Pb data indicate the Jitou stocks was emplaced at 138.5 ±1.1 Ma (2σ, MSWD = 0.6), 671 
and the alteration-free diorite porphyry dike was crystalized at 130.6 ±1.1 Ma (2σ, MSWD = 0.1). 672 
Massive pyrite ore samples from the stratabound orebody yield a 142 ± 47 Ma Model 3 age. All 673 
the fluid inclusion, oxygen isotope and geochronology data support a magmatic origin, together 674 
with the magmatic affinity of the orebody and alteration assemblages with Jitou stock, we 675 
classify the Xinqiao deposit as a Carbonate replacement deposit genetic related with the Jitou 676 
stock. 677 
The spatial association of stratabound massive sulfide orebodies along MLYMB with 678 
Cretaceous magmatism, pyrite sulfur isotope and zoned geochemical anomalies all can be 679 
explained neatly by a magmatic genetic scenario, although further accurate and precise 680 
mineralization dating is needed for further understanding the ore-forming process. The 681 
association between stratabound ores with Early Cretaceous magmatism has broad implications 682 
for future mineral exploration, with emphasis on conjunction between Cretaceous magmatic 683 
intrusions and Early Carboniferous carbonates, particularly around Cretaceous intrusions with 684 
associated skarn and porphyry mineralization. Additionally, our model may imply that porphyry 685 
32 
 
and skarn Cu-Au systems could occur beneath the known stratabound massive sulfide ore 686 
deposits in this region.  687 
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Table	1.	SIMS	quartz	oxygen	isotope	data	of	the	skarn	ore	and	pyrite	quartz	veins	in	Gaolishan	Formation	sandstone.
δ18O
‰
XQ5-1_1 12.85 0.34
XQ5-1_2 11.09 0.18
XQ5-1_3 12.22 0.33
XQ5-1_4 12.80 0.25
XQ5-1_5 13.25 0.34
XQ5-1_6 12.47 0.27
XQ5-1_7 13.69 0.37
XQ5-1_8 12.54 0.37
XQ5-1_9 13.79 0.22
XQ5-1_10 12.02 0.41
XQ5-1_11 12.16 0.25
XQ5-2_1 11.99 0.42
XQ5-2_2 12.25 0.31
XQ5-2_3 11.65 0.38
XQ5-2_4 12.72 0.27
XQ5-2_5 12.23 0.28
XQ5-2_6 12.02 0.35
XQ5-2_7 15.68 0.28
XQ5-2_8 12.17 0.28
XQ5-2_9 14.31 0.40
XQ5-2_10 12.52 0.35
XQ5-3_1 12.22 0.31
XQ5-3_2 16.03 0.30
XQ5-3_3 11.44 0.44
XQ5-3_4 11.79 0.33
XQ5-3_5 13.23 0.35
XQ5-3_6 12.42 0.36
XQ5-3_7 12.50 0.36
XQ5-3_8 11.98 0.35
XQ5-3_9 12.54 0.30
XQ5-3_10 12.28 0.38
XQ5-3_11 12.27 0.26
quartz from vein nettworks in the Gaolishan Formation sandstone
XQ8-1_1 14.16 0.30
XQ8-1_2 15.21 0.30
XQ8-1_3 14.36 0.49
XQ8-1_4 15.60 0.31
XQ8-1_5 14.40 0.24
XQ8-1_6 15.52 0.31
XQ8-1_7 14.80 0.41
XQ8-1_8 14.92 0.32
XQ8-1_9 14.10 0.29
XQ8-1_10 14.57 0.54
XQ8-1_11 15.44 0.36
quartz from the sakrn ore
Sample No. 2σ
XQ8-1_12 15.45 0.31
XQ8-1_13 14.37 0.29
XQ8-2_1 20.28 0.35
XQ8-2_2 17.10 0.21
XQ8-2_3 14.69 0.36
XQ8-2_4 16.07 0.18
XQ8-2_5 16.74 0.33
XQ8-2_6 14.44 0.26
XQ8-2_7 15.24 0.34
XQ8-2_8 17.21 0.28
XQ8-2_9 19.93 0.35
XQ8-2_10 13.47 0.50
XQ8-2_11 15.08 0.41
XQ8-2_12 19.06 0.35
XQ8-2_13 15.90 0.31
XQ8-3_1 15.03 0.26
XQ8-3_2 16.86 0.37
XQ8-3_3 16.57 0.31
XQ8-3_4 14.89 0.45
XQ8-3_5 15.99 0.38
XQ8-3_6 15.55 0.28
XQ8-3_7 15.85 0.32
XQ8-3_8 16.00 0.44
XQ8-3_9 15.89 0.43
XQ8-3_10 15.68 0.28
XQ8-4_1 16.55 0.27
XQ8-4_2 16.35 0.38
XQ8-4_3 19.30 0.38
XQ8-4_4 14.77 0.26
XQ8-4_5 15.33 0.86
XQ8-4_6 10.16 0.40
XQ8-4_7 10.51 0.30
XQ8-4_8 16.94 0.24
XQ8-4_9 17.13 0.28
XQ8-5_1 14.51 0.22
XQ8-5_2 12.53 0.38
XQ8-5_3 17.07 0.38
XQ8-5_4 16.27 0.33
XQ8-5_5 16.82 0.24
XQ8-5_6 13.73 0.30
XQ8-5_7 16.31 0.22
XQ8-5_8 17.09 0.33
XQ8-5_9 13.72 0.28
XQ8-5_10 17.76 0.32
XQ8-5_11 15.62 0.47
XQ8-5_12 16.43 0.21
XQ8-5_13 12.22 0.33
XQ8-5_14 15.27 0.45
XQ8-6_1 16.43 0.27
XQ8-6_2 15.43 0.37
XQ8-6_3 16.26 0.35
XQ8-6_4 15.54 0.42
XQ8-6_5 15.26 0.46
XQ8-6_6 17.67 0.39
XQ8-6_7 13.87 0.36
XQ8-6_8 15.89 0.34
XQ8-6_9 16.15 0.31
XQ8-6_10 15.39 0.40
XQ8-6_11 16.48 0.39
XQ8-6_12 13.70 0.48
U Th f206Pb ±1σ ±1σ
Sample No. ppm ppm % % %
XQ09-3@01 232 242 1.04 0.3 0.04939 3.22 0.14156 3.95
XQ09-3@02 99 54 0.54 1.1 0.04734 4.04 0.13985 4.34
XQ09-3@03 209 152 0.73 0.2 0.05104 2.68 0.14676 3.74
XQ09-3@04 109 99 0.91 0.8 0.04984 3.77 0.14904 4.17
XQ09-3@07 167 114 0.68 0.4 0.04943 3.04 0.13937 4.78
XQ09-3@08 261 206 0.79 0.3 0.05228 2.39 0.14985 3.88
XQ09-3@10 214 206 0.97 0.1 0.05260 2.64 0.15443 3.29
XQ09-3@12 175 68 0.39 0.2 0.04899 3.02 0.14864 3.40
XQ09-3@13 114 77 0.67 0.9 0.05100 4.15 0.15218 4.44
XQ09-3@14 186 143 0.77 0.3 0.04988 2.89 0.14933 3.28
XQ09-3@15 204 167 0.82 0.3 0.04893 3.08 0.14906 3.44
XQ09-3@16 151 111 0.73 0.6 0.05235 3.13 0.14291 5.40
XQ09-3@17 132 105 0.79 0.4 0.04929 4.22 0.14847 4.50
XQ09-3@18 300 301 1.00 0.5 0.05160 2.27 0.14176 4.16
XQ09-3@19 171 128 0.75 0.0 0.05025 3.04 0.14918 3.40
XQ09-3@20 203 216 1.07 0.3 0.04851 2.84 0.14487 3.24
XQ-1@01 466 213 0.46 0.2 0.04745 1.35 0.13398 2.03
XQ-1@02 794 365 0.46 0.1 0.04820 1.29 0.13562 2.05
XQ-1@03 807 452 0.56 0.1 0.04838 1.08 0.13763 1.85
XQ-1@04 810 359 0.44 0.1 0.04746 0.94 0.13325 1.81
XQ-1@05 810 504 0.62 0.0 0.04897 1.00 0.14153 1.80
XQ-1@06 294 149 0.51 0.1 0.04919 1.50 0.13965 2.15
XQ-1@07 993 541 0.55 0.1 0.04935 0.69 0.14218 1.66
XQ-1@09 510 196 0.38 0.2 0.04768 1.59 0.13462 2.19
XQ-1@10 467 217 0.47 0.2 0.04806 1.75 0.13267 2.32
XQ-1@11 811 411 0.51 0.1 0.04928 1.04 0.13754 1.82
XQ-1@12 472 335 0.71 0.3 0.04687 1.58 0.12993 2.19
XQ-1@14 764 453 0.59 0.2 0.04779 1.12 0.13309 1.93
XQ-1@15 417 269 0.65 0.1 0.04848 1.23 0.14168 1.94
XQ-1@16 474 190 0.40 0.1 0.04928 1.08 0.14057 1.87
XQ-1@17 609 291 0.48 0.1 0.04949 0.91 0.13951 1.77
XQ-1@18 571 252 0.44 0.1 0.04903 0.91 0.14170 1.80
XQ-1@19 448 264 0.59 0.2 0.04770 1.41 0.13468 2.13
XQ-1@20 446 247 0.55 0.2 0.04686 1.53 0.13286 2.14
XQ-1@22 837 482 0.58 0.1 0.04858 0.82 0.13501 1.77
XQ-1@23 405 261 0.64 0.1 0.04982 1.39 0.13937 2.06
XQ-1@25 902 496 0.55 0.2 0.04811 1.70 0.13697 2.28
XQ-1@26 468 204 0.43 0.1 0.05021 1.51 0.13795 2.14
Table	2.	SIMS	zircon	U-Pb	data	of	the	quartz	diorite	and	diorite	porphyry	samples	at	Xinqiao.
Central phase quartz diorite of the Jitou pluton
Post-ore diorite porphyry
Th/U 207Pb/206Pb 207Pb/235U
±1σ t207Pb/235U ±1σ t206Pb/238U ±1σ
% Ma abs Ma abs
0.02167 1.51 0.38 134.4 5.0 138.2 2.1
0.02142 1.59 0.37 132.9 5.4 136.6 2.1
0.02167 1.55 0.42 139.0 4.9 138.2 2.1
0.02169 1.77 0.43 141.1 5.5 138.3 2.4
0.02173 1.53 0.32 132.5 6.0 138.6 2.1
0.02178 1.50 0.39 141.8 5.1 138.9 2.1
0.02165 1.51 0.46 145.8 4.5 138.0 2.1
0.02200 1.55 0.46 140.7 4.5 140.3 2.2
0.02164 1.59 0.36 143.8 6.0 138.0 2.2
0.02171 1.56 0.47 141.3 4.3 138.5 2.1
0.02209 1.53 0.44 141.1 4.5 140.9 2.1
0.02181 1.58 0.29 135.6 6.9 139.1 2.2
0.02184 1.58 0.35 140.6 5.9 139.3 2.2
0.02155 1.51 0.36 134.6 5.3 137.5 2.1
0.02153 1.52 0.45 141.2 4.5 137.3 2.1
0.02166 1.55 0.48 137.4 4.2 138.2 2.1
0.02048 1.53 0.75 127.7 2.4 130.7 2.0
0.02041 1.60 0.78 129.1 2.5 130.2 2.1
0.02063 1.50 0.81 130.9 2.3 131.6 2.0
0.02036 1.55 0.86 127.0 2.2 129.9 2.0
0.02096 1.50 0.83 134.4 2.3 133.7 2.0
0.02059 1.54 0.72 132.7 2.7 131.4 2.0
0.02089 1.51 0.91 135.0 2.1 133.3 2.0
0.02048 1.51 0.69 128.2 2.6 130.7 2.0
0.02002 1.52 0.66 126.5 2.8 127.8 1.9
0.02024 1.50 0.82 130.8 2.2 129.2 1.9
0.02011 1.52 0.69 124.0 2.6 128.3 1.9
0.02020 1.57 0.81 126.9 2.3 128.9 2.0
0.02119 1.50 0.77 134.5 2.4 135.2 2.0
0.02069 1.53 0.82 133.5 2.3 132.0 2.0
0.02044 1.52 0.86 132.6 2.2 130.5 2.0
0.02096 1.55 0.86 134.6 2.3 133.7 2.1
0.02048 1.60 0.75 128.3 2.6 130.7 2.1
0.02056 1.50 0.70 126.7 2.6 131.2 2.0
0.02015 1.57 0.89 128.6 2.1 128.6 2.0
0.02029 1.52 0.74 132.5 2.6 129.5 1.9
0.02065 1.52 0.67 130.3 2.8 131.8 2.0
0.01993 1.51 0.71 131.2 2.6 127.2 1.9
Table	2.	SIMS	zircon	U-Pb	data	of	the	quartz	diorite	and	diorite	porphyry	samples	at	Xinqiao.
Central phase quartz diorite of the Jitou pluton
Post-ore diorite porphyry
206Pb/238U rho
Table 3. Pyrite Re-Os data of the stratabound massive orebody at Xinqiao.
Re Os 192Os
ppb ppt ppt
XQ15* 1.10 0.01 31.8 0.4 11.0 0.3 198.1 5.8 1.60
XQ24 31.88 0.12 124.7 2.2 26.0 0.6 2439.5 57.3 7.64
XQ25 28.87 0.11 64.3 4.1 9.0 0.6 6377.7 420.8 15.07
XQ10 26.05 0.10 50.9 7.0 3.9 0.4 14870.1 1715.6 38.70
187Os/188Os±±Sample No. ± ± 187Re/188Os
initial 187Os/188Os initial 187Os/188Os
@320 Ma @138 Ma
0.05 0.925 0.5 0.1 1.1 0.1
0.18 0.985 -5.4 0.5 2.0 0.3
0.99 0.997 -18.9 3.2 0.4 1.9
4.46 0.999 -40.6 13.4 4.5 8.3
±± rho ±
Deposit Sample type Age/Ma Method
Granodiorite-porphyry 148.0±1.0 LA-ICP-MS Zircon U-Pb
Granodiorite-porphyry 147.3±0.9 LA-ICP-MS Zircon U-Pb
Granodiorite-porphyry 145.4±0.9 LA-ICP-MS Zircon U-Pb
Lamprophyre 144.3±0.9 LA-ICP-MS Zircon U-Pb
Lamprophyre 143.6±0.9 LA-ICP-MS Zircon U-Pb
Mafic dike 144.5±1.2 LA-ICP-MS Zircon U-Pb
Mafic dike 142.6±1.0 LA-ICP-MS Zircon U-Pb
Granodiorite-porphyry 146.6±1.0 SIMS Zircon U-Pb
Granodiorite-porphyry 146.2±1.2 SIMS Zircon U-Pb
Granodiorite-porphyry 144.6±3.9 SIMS Zircon U-Pb
Skarn orebody 146.4±2.6 Molybdenite Re-Os
Granodiorite-porphyry 144.5±1.3 SIMS Zircon U-Pb
Porphyry Cu 137.0±3 Molybdenite Re-Os
Porphyry Cu 141.0±3 Molybdenite Re-Os
Porphyry Cu 142.3±2.3 Molybdenite Re-Os
Quartz monzodiorite 138.8±1.6 LA-ICP-MS Zircon U-Pb
Quartz monzodiorite 135.6±1.4 Whole rock Rb-Sr
Pyroxene monzonite 148.2±3.1 SHRIMP Zircon U-Pb
Quartz monzodiorite 135.5±2.2 SHRIMP Zircon U-Pb
Quartz monzodiorite 135.8±1.1 Biotite Ar-Ar
Porphyry-Skarn Cu 137.4(?) Pyrite Re-Os model age
Monzodiorite 146.4±4.3 SHRIMP Zircon U-Pb
Quartz monzodiorite 140.4±2.2 SHRIMP Zircon U-Pb
Pyrite vein in sandstone 319±13 Pyrite Re-Os isochron
Stratiform orebody 112.6±7.8 Pyrite Rb-Sr isochron
Stratiform orebody 126±11 Pyrite Re-Os isochron
Simenkou Stratiform orebody 303±33 Pyrite Re-Os isochron
Jinkouyu Stratiform orebody 137±0.19 Pyrite Re-Os isochron
Xinqiao
Table 4. Geochronology data for stratiform massive sulfide deposits and Meosozoic intrusions and deposits along MLYMB
Wushan
Chengmenshan
Dongguashan
References
(Li et al., 2007)
(Li et al., 2010c)
(Mao et al., 2006)
(Yang et al., 2011b)
(Xu et al., 2004b)
(Wu et al., 2009)
(Lu, 2007)
(Wu, 1996)
(Meng et al., 2004)
(Guo et al., 2011)
(Wang et al., 2005)
(Xie et al., 2009)
(Wu et al., 2009)
Table 4. Geochronology data for stratiform massive sulfide deposits and Meosozoic intrusions and deposits along MLYMB
(Li et al., 2010c)
(Meng et al., 2004)
(Ding et al., 2005; Yang et al., 2011a)
(Wu and Zou, 1997)
Tongling
Wuhu
Lujiang
Zhenjiang
Changzhou
Wuxi
Suzhou
4
1
2
3
5 6
7
r
e
v i
R eztgnaY
Ya
ng
tz
e River
North China Craton
Dabie UHP belt Yangtze craton
Cretaceous intrusions
Cretaceous volcanic rocks
Tibet
Ca
th
ys
ia 
 B
lo
ckYa
ng
tz
e
cr
at
on
Tarim
o
110
o
130o70
o
20
o
30
o
40
o
90
Map  area
North  China
     craton
0 60 120
km
Wuhan
Daye
Anqing
Regional fault
1= Daye, 2=Jiurui, 3= Anqing, 4= Luzong,
5= Tongling, 6= Ningwu, 7= Ningzhen
City or town
N
T
a
n
-L
u
 f
a
u
lt
C
ha
ng
zh
ou
-Y
an
gx
in
 fa
lu
t
Xiangfan-Guangji falut
G
u
a
n
g
d
e
 f
a
u
lt
Nanjing
Jiurui
Mining districts
1
Late Devonian
Wutong Formation
Middle Carboniferous
Huanglong Formation
Early Permian
Qixia Formation
Permian-Triassic
Quaternary
 2
0
0
 m
 
 3
0
 m
 
 >
1
4
0
 m
 
Conglomerate
Quartz sandstone
Shale and sandy shale
Quartz conglomerate
Siltstone, silty shale
Quartz sandstone
Cherty limestone
Nodular cherty limestone
Carbonaceous limestone
Limestone
Calcareous shale
Cherty shale, silty shale
Clay shale, sandstone
Bedded limestone
Chert, cherty shale
 >
3
5
0
 m
 
Early Carboniferous
Gaolishan Formation
 3
0
-5
0
 m
 
Limestone, dolomitic limestone
Dolomite, silty sandstone
Late Carboniferous
Chuanshan Formation
Limestone
Fossiliferous clastic limestone
 6
0
 m
 
Paraconformity
Paraconformity
Paraconformity
Paraconformity
Paraconformity
Disconformity
 0
-5
0
 m
 
 idealized distribution of
massive orebody 
pyrite-quartz vein
hosted in sandstone
Late Silurian
Sandstone and shale
Paraconformity
2
generalized orebody
fault
axis of anticline/syncline
cross section A 
A’
 B 
 B’
N
500 m
50 m
5
0
 m
B
B’
o
151
drill core
massive magnetize ore
massive pyrite ore
massive chalcopyrite ore
Pb-Zn ore
uneconomic skarn
Qixia Fm limestone
Permian-Triassic limestone
Chuanshan Fm limestone
Huanglong Fm limestone
Gaolishan Fm sandstone
Wutong Fm sandstone diorite porphyry
quartz diorite
o
57
200 m
2
0
0
 m
A A’
A) C)
B)
 XQ5, 7,10 
 XQ82, 86  
 XQ8 
 XQ09-3 
 XQ10 
 XQ15 
 XQ24 
 XQ25 
 XQ5
sample location
and number
3
S
10 m
Qixia Fm Carbonaceous limestone
Qixia Fm limestone
Chuanshan Fm limestone
Massive pyrite ore
Massive pyrite ore
4
massive magnetize ore
massive pyrite ore massive chalcopyrite ore
Pb-Zn ore
quartz diorite
o
57
1
5
11
1723
29
35
41
exploration line
and number
47
 %
Cu   S
1.6
1.2
0.8
0.4
0
28
36
52
44
3.2
2.4
1.6
0.8
0
20
40
80
60
 g/t
Au   Ag
S
Cu
Ag
Au
111519232731
 intrusion 
Number of exploration lines
B)
A)
5
100 m2.5 cm 5 cm
2.5 cm5 cm20 cm
2.5 cm 5 cm 20 cm
20 cm 5 cm 5 cm
2.5 cm 5 cm 5 cm
10 cm
o
228
 quartz diorite  diorite porphyry 
 feldspar dissolution vugs 
 post-ore diorite porphyry 
 feldspar 
 limestone 
 limestone 
 radiating clusters of epidote 
 banded quartz and pyrite veins 
 diorite porphyry 
 clusters of chlorite 
 magnetite 
 pyrite-calcite vein 
 pyrite 
 quartz 
 pale massive pyrite ore  a cluster of cubic pyrite grains 
 massive colloform pyrite ore 
 a cluster of crystalized pyrite grains
 massive chalcopyrite ore 
 sandstone hosted quartz pyrite vein 
 cubic pyrite grains 
 pyrite vein 
 quartz 
 sphalerite vein 
 calcite  pyrite 
 calcite 
 sphalerite vein 
 limestone 
 limestone 
 diorite porphyry 
 hematite  calcite 
 garnet  hematite 
 garnet 
 calcite 
 garnet 
 banded wollastonite skarn 
 radiating wollastonite cluster 
 g
a
rn
e
t 
a
n
d
 d
io
p
s
id
e
 
 s
il
ic
iﬁ
e
d
 l
im
e
s
to
n
e
 
A) B) C)
D) E) F)
G) H) I)
J) K) L)
M) N) O)
6
wollastonite
diopside
garnet
epidote
tremolite
chlorite
magnetite
hematite
sericite
calcite
quartz
pyrite
colloform pyrite
chalcopyrite
sphalerite
galena
minerals mineralization stageuneconomic skarn
7
50 µm
 liquid 
 vapour 
 vapour 
 liquid 
100 µm
 liquid 
 vapour 
100 µm
 ﬂuid inclusion group 
50   µm
 cleavage 
 vapour 
 liquid 
 fracture 
 ﬂuid inclusion group 
 halite 
C) D)
A) B)
8
010
20
30
40
50
60
100 200 300 400 500 600
o
diopside from uneconomic skarn (mean: 26.1 %, 514 C, n = 39)
o
banded quartz-pyrite vein from skarn ore (mean: 9.0 %, 328 C, n=29) 
o
quartz-pyrite vein hosted in sandstone (mean: 4.0%, 258 C, n=46)
o
quartz from Red Dog SEDEX deposit (mean: 1.6%, 201 C, n=79)
s
a
li
n
it
y
 (
w
t.
 %
 N
a
C
l 
e
q
u
iv
.)
 
o
homogenization temperature ( C)
9
quartz from garnet skarn mineralization
mean = 12.32 ± 0.55  (2 SD), n = 22
quartz from sandstone hosted pyrite quartz vein
mean = 15.57 ± 1.92, n = 60
1
8
Q
u
a
rt
z
 a
n
d
 w
a
te
r 
δ
O
 (
‰
, 
V
S
M
O
W
)
0
5
10
15
20
25
box heights are 2σ
data excluded
data included
weighted mean (2 SD)
18
calculated water δ O 
calculated
18
 water δ O value
5.8 - 6.9 ‰
o
, 328 C calculated
18
 water δ O value
5.1 - 9.0 ‰
o
, 258 C 
10
120
130
140
134
138
142
146
2
0
6
2
3
8
P
b
/
U
207 235
Pb/ U
a
g
e
 (
M
a
)
0.0230
0.0225
0.0220
0.0215
0.0210
0.0205
0.0225
0.0215
0.0205
0.0195
0.0185
0.11 0.13 0.15 0.17 0.12 0.13 0.14 0.15
150
140
130
120
110
150
140
130
120
110
2
0
6
2
3
8
P
b
/
U
207 235
Pb/ U
a
g
e
 (
M
a
)
concordia age = 138.5 ± 1.0 Ma, 95 % conf.
decay-const. errs included, MSWD = 0.6
concordia age = 130.6 ± 1.1 Ma, 95 % conf.
decay-const. errs included, MSWD = 0.1
mean = 138.5 ± 1.0 Ma, 95 % conf.
MSWD = 0.24, n = 16
mean = 130.7 ± 0.9 Ma, 95 % conf.
MSWD = 1.1, n = 22
data-point error ellipses are 2σ data-point error ellipses are 2σ
box heights are 2σbox heights are 2σ
A) B)
C) D)
11
010
20
30
40
0 4000 8000 12000 16000
data-point error ellipses are 2σ
320 Ma reference line
138 Ma reference line
all data
Model 3 without rho
data = 142 ± 47 Ma
187 188
initial Os/ Os = 1.2 ± 3.5
MSWD = 7.8
1
8
7
1
8
8
O
s
/
O
s
187 188
Re/ Os
data-point error
ellipse without rho
data-point error
ellipse with rho
XQ15
XQ24
XQ25
XQ10
all samples except XQ15
Model 3 with rho
data = 153 ± 160 Ma
187
initial Os (ppt) = 0 ± 26
MSWD = 151
12
Sedimentary Rocks
12
8
4
0
-44 -36 -28 -20 -12 -4 4 12
MesozoicIntrusions
Porphyry and Skarn Cu Deposits
50
30
20
0
-44 -36 -28 -20 -12 -4 4 12
Stratabound Cu Deposits
Red Dog SEDEX Deposit
10
40
34
δ S (‰,CDT)
F
re
q
u
e
n
c
y
F
re
q
u
e
n
c
y
A)
B)
13
340
270
305
160
150
140
130
120
110
100
A
g
e
 (
M
a
)
Wushan Chengmenshan Dongguashan Xinqiao
S
im
e
n
k
o
u
J
in
k
o
u
y
u
Zircon U-Pb
Biotite Ar-Ar
Whole rock Rb-Sr
Molybdenite Re-Os
Pyrite Re-Os
Pyrite Rb-Sr
Mesozoic Magmatism Porphyry and Skarn deposits
Stratabound deposits
?
this study
14
Cu anomaly 160
Pb anomaly 320
Zn anomaly 400
Au anomaly 0.04
Ag anomaly 1.20
unit: ppm
Xinqiao
Dongguashan
Tongling
Jiaochong
N
5 km
15
